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OBJECTIVES

» Comprehensively study, implement at a laboratory scale and further advance the new
method, invented at the University of Tcexas at Dallas, of processing continuous yarns
from Multi Wall Carbon Nanotubes, improve process control and automation, increase
production rate and volume of continuous CNT yarns, and verify their applicability in the
manufacturing of 3-D braided and 3-D woven textile structures on 3TEX equipment.

* Conduct experimental studies of the spinnability of Multi-Wall Carbon Nanotube
(MWCNT) forests and optimize their processing parameters; increase carbon nanotube
length in the forests.

» Conduct further experimental studies of drawing with twist continuous carbon nanotube
yarns and investigate the effect of different polymer infusion during - drawing on
mechanical properties of CNT yarns.

» Fabricatc on 3TEX’s micro-braiding apparatus continuous samples of 3-D braided
preform made of carbon nanotube yarns and their hybrid with glass fibers.

» Fully automate new 3TEX’s micro-weaving machine and produce in automated regime
samples of 3-D woven preform with continuous carbon nanotube yarns incorporated in
through-thickness direction.

» Fabricate micro-scale composite samples reinforced with hybrid 3-D braid made of
carbon nanotube yams and glass fibers, and conduct comprehensive study of their
clectrical conductivity.

* Conduct experimental Dynamic Mechanical Analysis (DMA) of carbon nanotube 3D
braid and respective composite samples infused with different viscosity epoxy resins;
correlate results with the previously obtained tensile test data.

» Investigate how to further improve processing methods and enhance multi-functional
properties of 3-D nanotube textiles and composites.
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EXECUTIVE SUMMARY

Multi-walled carbon nanotubes were used in this STTR Phase Il project as building blocks for
processing twisted continuous “single” yarns, which were further processed into “multi-ply”
yarns, 3-D braids, and 3-D weaves. The draw-twist spinning method of processing long
continuous single yarns from multi-wall carbon nanotube forest and plying those single yarns
was further advanced and automated. The technology of growing multi-wall carbon nanotube
forests has been further studied and much better understood. The principal parameters
controlling drawability and morphology of the forests were determined, and this moves us closer
to the forest optimization solution.

Extensive experimental studies have been conducted in order to understand the effects of
different polymer infusion into carbon nanotube yarns on their mechanical properties. Three
polymers (PVA, Polystyrene and PBO) have been infused into the processed carbon nanotube
yarns and their influence on the yarn mechanical properties was investigated. It was shown that
with relatively small concentrations of these polymers the nanotube yarn strength can be raised
up to 1 GPa level.

New research equipment for processing 3-D braids incorporating carbon nanotube yarns has
been designed and constructed. It was demonstrated, for the first time, that 3-D micro-braids can
be made solely of continuous carbon nanotube yarns and used as reinforcement for composites.
Multi-walled CNT yarns were fabricated by UTD and further processed by 3TEX into novel 3-D
hybrid nanotube yarn/S-glass fiber braids and their composites. The produced carbon nanotube
yarn, hybrid 3-D braid and their composites were tested for electrical conductivity. A
comparison with electrical conductivities of some other, more traditional materials, was
performed.

Comprehensive structural morphology studies and mechanical characterization of the multi-ply
nanotube yarns, 3-D braids, and their reinforced micro-composites have been performed. Tensile
tests were conducted for micro-composites reinforced with 5-ply and 25-ply nanotube yarns, as
well as 3-D nanotube braids. Test results obtained for 3-D braided micro-composites fabricated
with several epoxy resin systems differing in their viscosity revealed new. and some unusual
features of the mechanical behavior of this new class of nanocomposites.

A novel 3-D micro-weave has been fabricated with replacement of one or more carbon or S-glass
Z-yarns by various multi-ply CNT yarns and 3-D CNT braids. The new specialty 3-D micro-
weaving machine has been fully automated by 3TEX. Its capability to process very fine, and
relatively weak, fibers and yarns, including carbon nanotube yarns, has been demonstrated in
automated regime.

Multi-walled 25-ply carbon nanotube continuous yarns were fabricated by UTD and further
processed by 3TEX into a novel type hybrid 3-D woven fabric. In the produced 3-D weave,
several rows of regular S-glass roving were replaced by the plied carbon nanotube yarn. This
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fabric can be used for further studies of mechanical and clectrical properties, and can also be
processed into composite material samples.

The results of tensile tests of epoxy matrix composites reinforced with plied nanotube yarns and
3-D braids, obtained carlier in this project, have been revisited and analyzed with more polymer
physics insight. The proposed physical hypotheses were verified through experimental Dynamic
Mechanical Analysis studies of five epoxy matrices differing in the epoxy modifier content, of
carbon nanotube braids, and of composites made with these constituents. New effects have been
revealed by the DMA studies; they showed clear correlation with the earlier obtained mechanical
test data. These results enabled us to develop a nano-scale hypotheses about interactive behavior
of macromolecules in epoxy resins surrounded by carbon nanotubes, which explained the earlier
observed unusual mechanical behavior of epoxy matrices reinforced with carbon nanotube yarns
and 3-D braids.

Various potential applications of CNT yarns, 3-D braids and 3-D weaves have been revealed and
studied in the course of this project. This is supported by numerous interactions/transitions (listed
in the next section). Among most exotic potential applications is the space station tether made of
3-D braided CNT yarmns. Other realistic applications include various type sensors (joint project on
this topic involving NASA Langley Research Center and 3TEX will start soon) and actuators,
artificial fuel-powered muscles, devices for energy storage and conversion.
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CUMULATIVE INTERACTIONS/TRANSITIONS

1. Bogdanovich, Paper presentation at the 37" SAMPE Fall Technical Conference, October 31-
November 3, 2005, Seattle, WA

2. Bogdanovich, Paper presentation at the 27" International SAMPE Europe Conference 2006,
Paris, France, March 27-29, 2006.

3. Bogdanovich, Keynote plenary paper presentation at the XIY International Conference on
Mechanics of Composite Materials, Riga, Latvia, May 29-June 2, 2006.

4. Bogdanovich, Presentation at the AFOSR Annual Review Meeting, “Mechanics of
Multifunctional Materials and Microsystems, “ Seattle, WA, August 28-September 1, 2006.

5. Meeting at 3TEX facility with NASA Langley Rescarch Center scientists in June 2007 and
follow-on interactions have resulted in a new proposal submitted to internal NASA Innovative
Partnership Program. Proposal title: “Carbon Nanotube Yarn Multifunctional Sensors in
Composite Structures”, Dr. Kahng K. Seun (NASA Langley) Principal Investigator and External
Co-Principal Investigator Dr. Alexander Bogdanovich (3TEX) The proposal has been awarded
and contract between NASA Langley and 3TEX is currently in preparation.

6. A.E. Bogdanovich, Presentation at the AFOSR Annual Contractor’s Review Meeting,
“Mechanics of Multifunctional Materials and Microsystems*, Montercy, CA, June 25-28, 2007.

7. A.E. Bogdanovich, paper presentation at SAMPE Fall Technical Conference 2006, Dallas,
Texas, November 6-9, 2006. 1*' Place Outstanding Paper Award.

8. R.H. Baughman, Keynote paper presentation at SAMPE Fall Technical Conference 2006,
Dallas, Texas, November 6-9, 2006.

9. A.E. Bogdanovich, Keynote paper presentation at the 16" International Conference on
Composite Materials, ICCM-16, Kyoto, Japan, July 8-13, 2007.

10. P.D. Bradford, Paper presentation at the 16™ International Conference on Composite
Materials, ICCM-16, Kyoto, Japan, July 8-13, 2007. Finalist of the Steve Tsai Award
competition for Best Student’s Paper.

11. A.E. Bogdanovich, Poster paper presentation at the Nanomaterials for Defense Applications
Symposium, San Diego, CA, 23-26 April, 2007.

12.“3 Dimensional Nano-Scale Reinforcement Architecture for Advanced Composite
Structures”, Presentation at the AFOSR Annual Contractor's Review Meeting, “Mechanics of
Multifunctional Materials and Microsystems* (Arlington, VA, August 18-20, 2008).
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13. “Solid-State Fabrication, Structure, and Multifunctional Applications of Carbon Nanotube
Yarns and Transparent Sheets”, Presentation at Department of Aerospace Engineering,
University of lllinois (Sept. 24, 2007, Urbana-Champaign, Illinois).

14. “NanoTech Institute Inventions: Transparent Metallic Sheets, Fuel-Powered Muscles and
More”, MetroCon (IEEE) Conference (Oct. 10, 2007, Arlington, TX).

15. “From Multifunctional Carbon Nanotube Yarns and Transparent Sheets to Fuel-Powered
Muscles and Devices for Energy Harvesting, Storage, and Conversion™, Presentation at General
Electric (Oct. 23, 2007, Niskayuna, NY).

16. “Nanotechnology for Fun and Profit”, Carnegie Mellon University Lecture Series - Lecture
preceding receipt of 2007 Distinguished Alumni Award (Oct. 26, 2007, Pittsburgh, PA).

17. “From Electrical to Fuel-Powered Artificial Muscles™, Plenary Lecture at 2007 National
Nano Engineering Conference, prior to receiving Nano 50 Award for Fuel-Powered Artificial
Muscles (Nov. 14, 2007, Boston, Massachusetts).

18. “Nanotechnology for Fun and Profit”, Presentation at Petersen Institute of NanoScience and
Engineering, University of Pittsburgh (Feb 4, 2008, Pittsburgh, PA).

19. “Diverse Carbon Nanotube Artificial Muscles Meet an Exciting New Family Member”,
Presentation at Monash University (Feb. 21-22, 2008, Melbourne, Australia).

20. “Diverse Carbon Nanotube Artificial Muscles Meet an Exciting New Family Member”,
Presentation at the US AFRL-Israeli Bio/Nano Workshop for Materials (March 24-25, 2008, San
Francisco, CA).

21. “Diverse Carbon Nanotube Artificial Muscles Meet an Exciting New Family Member”,
Presentation at ChemOnTubes 08, (April 6-9, 2008, Zaragoza, Spain).

22. “Diverse Carbon Nanotube Artificial Muscles Meet an Exciting New Family Member”,
Presentation at Nano for Defense Applications (April 21-23, 2008, Arlington. Virginia).

23. “Nanotechnology for Fun and Profit”, Presentation at Hoby Youth Leadership Conference
(May 16, 2008, Dallas, TX).

24. “Fabrication and Multifunctional Applications of Carbon Nanotube Yarns and Self-Woven
Sheets”, Paper presentation at Third International Conference on Smart Materials Structures
and Systems (June 8-13, 2008, Acireale, Sicily).

25. “Solid-State Fabrication, Structure, and Multifunctional Applications of Carbon Nanotube
Yams and Transparent Sheets™, Keynote Lecture, 2" New Diamond and Nano Carbon (May 26-
29, 2008, Taipei. Taiwan).
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26. “Solid-State Fabrication, Structure, and Multifunctional Applications of Carbon Nanotube
Yamns and Transparent Sheets”, Paper presentation at POLYMER FIBRES 2008 (July 9-11,
2008, University of Manchester, UK).

27. “Nanotechnology for Fun and Profit”, Presentation at Technology Club of Dallas (August
12. 2008, Dallas, TX).
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CUMULATIVE PUBLICATIONS

10.

A. Journal Articles

A. Bogdanovich, P. Bradford, D. Mungalov, S. Fang, M. Zhang, R.H. Baughman, and
Hudson, “Fabrication and Mechanical Characterization of Carbon Nanotube Yarns, 3
Braids, and Their Composites”, SAMPE Journal, 2007, Vol. 43, No. 1, pp. 6-19.

R.H. Baughman, “Towering Forests of Nanotube Trees”, Nature Nanotechnology, Vol. 1, pp.
94-96, 2006.

T. Mirfakhrai , J. Oh, M. Kozlov, E.C.W. Fok, M. Zhang, S. Fang, R.H. Baughman, and D.
Madden, "Electrochemical Actuation of Carbon Nanotube Yams", Invited Paper in Journal of
Smart Materials and Structures, Vol. 16, pp. S243-S249, 2007.

K.R. Atkinson, S.C. Hawkins, C. Huynh, C. Skourtis, J. Dai, M. Zhang, S. Fang, A.A.
Zakhidov, S.B. Lee, A.E. Aliev, C.D. Williams, and R.H. Baughman, “Multifunctional
Carbon Nanotube Yarns and Transparent Sheets: Fabrication, Properties, and Applications”,
Physica B: Condensed Matter, Vol. 15, pp. 339-343, 2007.

A.A. Zakhidov, R. Nanjundaswamy, A.N. Obraztsov, M. Zhang, S. Fang, V.I. Klesch, and
R.H. Baughman, “Field Emission of Electrons by Carbon Nanotube Twist-Yarmns™, Applied
Physics, 2007, A 00, pp. 1-8. .
P.D. Bradford and A.E. Bogdanovich, “Electrical Conductivity Study of Carbon Nanotube
Yarns, 3-D Hybrid Braids and their Composites,” Journal of Composite Materials, 2008, Vol.
42, No. 15, pp. 1533-1545.

P. Galvan-Garcia, E.W. Keefer, F. Yang, M. Zhang, S. Fang. A.A. Zakhidov, R.H.
Baughman, and M.I. Romero, “Robust Cell Migration and Neuronal Growth on Pristine
Carbon Nanotube Sheets and Yarns,” Journal of Biomaterials Science: Polymer Edition, Vol.
18, pp. 1245-1261.

A.E. Aliev, C. Guthy, P.A. Heiney, M. Zhang, S. Fang, A.A. Zakhidov, J.E. Fischer, and
R.H. Baughman, “Thermal Transport in MWNT Sheets and Yarns,” Carbon, 2007, Vol. 45,
pp. 2880-2888.

L. Qu, Q. Peng, L. Dai, G.M. Spinks, G.G. Wallace, and R.H. Baughman, “Carbon Nanotube
Electroactive Polymer Materials: Opportunities and Challenges,” Materials Research Society
Bulletin, 2008, Vol. 33, pp. 215-224.

T. Mirfakhrai, M. Kozlov, S, Fang, M. Zhang, R.H. Baughman, and J.D. Madden “Carbon
Nanotube Yarns: Sensors, Actuators, and Current Carriers”, Proc. SPIE, 2008, Vol. 6927,
692708.

S.
D

B. Conference Publications

A. Bogdanovich, “Long Carbon Nanotube Fibers — Processing, Propertics, and Some
Application Concepts™, CD Proceedings of the 37" SAMPE Fall Technical Conference,
October 31-November 3, 2005, Seattle, WA.

A. Bogdanovich, D. Mungalov, R.H. Baughman, S. Fang, and M. Zhang, “3-D Braided
Material Made of Carbon Nanotubes,” CD Proceedings of the 27" International SAMPE
Europe Conference 2006. Paris, France, March 27-29, 2006, pp. 455-460.
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3. A. Bogdanovich, “Long Continuous Nanotube Yarns as a Reinforcement for Composites:
Processing, Properties, and Potential Applications,” Book of Abstracts, XIY International
Conference on Mechanics of Composite Materials, Riga, Latvia, May 29-June 2, 2006, p. 36.

4. A. Bogdanovich, P. Bradford, D. Mungalov, S. Fang, M. Zhang, R.H. Baughman, and S.
Hudson, “Fabrication and Mechanical Characterization of Carbon Nanotube Yarns, 3-D
Braids, and Their Composites™, CD Proceedings of SAMPE Fall Technical Conference 2006,
Dallas, Texas, November 6-9, 2006. 1*' Place Outstanding Paper Award, SAMPE Fall
2006 Technical Conference, Dallas.

5. P.D. Bradford and A.E. Bogdanovich, “Fabrication and Properties of Multifunctional,
Carbon Nanotube Yarn Reinforced 3-D Textile Composites”, Proceedings of the 16™
International Conference on Composite Materials, I[CCM-16, Kyoto, Japan, July 8-13, 2007.

6. A.E. Bogdanovich, “Advancements in Manufacturing and Applications of 3-D Woven
Preforms and Composites”, Proceedings of the 16™ International Conference on Composite
Materials, ICCM-16, Kyoto, Japan, July 8-13, 2007.

7. R.H. Baughman , M. Zhang, S. Fang, A.A. Zakhidov, M. Kozlov, S.B. Lee, A.E. Aliev, S.
Lee, C.D. Williams, and K.R. Atkinson, “Multifunctional Carbon Nanotube Yarns and
Textiles for Fun and Profit: Artificial Muscles, Electronic Textile, Energy Storage and
Harvesting, Display, Electron Emission, and Other Applications”, 49" Annual Conference
Proceedings- Society of Vacuum Coaters, pp. 466-469, 2006.

8. A.E. Aliev, C. Guthy, M. Zhang, A.A. Zakhidov, J.E. Fischer, R.H. Baughman, “Thermal
Transport in MWNT Sheet: Extremely High Radiation from the Carbon Nanotube Surface,”
Proceedings of Materials Research Society Symposium 2007, Vol. 963E, (Nanowires and
Carbon Nanotubes - Science and Applications).

C. Defended Thesis

Philip David Bradford, “Mechanical Characterization and Morphology Study of a Novel Class of
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ACCOMPLISHMENTS/NEW FINDINGS

Introduction

There are at least five possible ways of using carbon nanotubes for improving existing and
developing novel composite systems: (I) modifying matrix material by mixing it with carbon
nanotubes, (II) modifying interfaces in composite laminates by adding carbon nanotubes, (III)
modifying interfaces between conventional fibers/yarns and matrix by adding carbon nanotubes,
(IV) modifying certain types of existing continuous fibers by adding carbon nanotubes during
their processing, and (V) replacing conventional continuous fibers/yarns with the ones made
solely of carbon nanotubes. A large volume of research work has been performed in directions
(I) - (IV), while the group of researchers working on this project has pioneered direction (V) and
showed most substantial up-to-date progress in this direction. This statement was supported by
several prestigious awards, including First Place Best Paper Award at SAMPE 2006 Fall
Technical Conference (Dallas, TX, November 2006).

There are several essential tasks which had to be attacked for the sake of success of this project.
The first one is achieving controlled growth of carbon nanotube forests which can be then
effectively spun with twist into continuous yarns using UTD’s proprietary draw-spin process.
The second is the draw-spin process itself, which has been comprehensively studied,
continuously improved and enhanced in its capabilities by developing new automated CNT yarn
draw-spin equipment. The third is advancing with 3-D braiding and 3-D weaving processes at
the micro-level and developing special machines and devices that would allow using very fine
(tens of microns in diameter) CNT yarns, having relatively low breaking force values (measures
in tens of grams), in the textile formation processes. The fourth is developing special methods of
compositec materials fabrication by infusing various polymeric resins into nanotube yamns,
weaves and braids and consolidating them into composites. The fifth is related to a broad area of
mechanical, electrical and thermal property characterization of polymer matrix composites
reinforced with CNT yarns, 3-D braids and 3-D weaves. It is believed that this novel type of
nanocomposites will show many unique and highly useful multi-functional properties.

Principal technical accomplishments of this rescarch team in all five aforementioned
directions are described in the following sections of this Final Technical Report.
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SECTION 1

Growing Carbon Nanotube Forests and Yarn Spinning
1.1. Introduction

A very important step in the progress of nanotechnology was the production of nanotubes in
macroscopic quantities achieved in 1996 and 1997, using laser ablation [1.2] and electric-arc
discharge [3] methods. Later, the new method of high-pressure decomposition of CO (HiPco
method) became available [4]. Another very promising method of carbon nanotube synthesis,
intensively explored most recently, is based on well-established chemical vapor deposition
(CVD) from hydrocarbons [5,6]. Authors of [7] have recently reported the synthesis of 4 cm long
individual Single Wall Nanotubes (SWNTs), at a high growth rate of 11 um/sec by catalytic
CVD. Their results show the possibility of growing SWNTs continuously, and without any
apparent length limitation. Recent advancements in this area of research have been presented in
papers [8-10] among others. In CVD technique, iron nanoparticles on an oxide-coated silicon
substrate catalyze the decomposition of hydrocarbon vapours to produce nanotubes on the
surface. The technique depends critically — and in largely unpredictable ways — on catalyst
composition and structure, gas pressure and flow rates, and the compositions of precursor
reactants and carrier gases not to mention the temperature for any catalyst pre-treatment and the
CVD growth itself. A comprehensive study of the aforementioned factors’ effect on the nanotube
forest growth and drawability, conducted during Year 2 of this project at the University of Texas
at Dallas (UTD), is presented in the following sections of this report chapter.

As reported in [10], a major breakthrough in nanotube synthesis has been achieved, see [11-13]
at the National Institute of Advanced Industrial Science and Technology (AIST) in Tsukuba,
Japan, where by growing and characterizing over 1400 samples, researchers have been able to
identify the optimum reaction conditions and catalyst structure for the production of ultrahigh
forests of double-walled carbon nanotubes. Kenji Hata, Sumio I[jima and their co-workers
described a new process for the size-selective growth of ultrahigh forests of double-walled
carbon nanotubes containing negligible amounts of catalyst. The nanotubes were synthesized by
CVD method. In 2004 this Japanese team has discovered that just the right trace amount of water
dramatically increases catalyst lifetime, because the water wapour oxidizes the harmful carbon
coating that forms on the catalyst during the growth process. A longer catalyst lifetime means
that there is more time for nanotube to grow, which permits the synthesis of 2.5mm high forests
of SWNTs that contain less than 0.02% by weight of catalyst. The new aspects in that
technological advancement is a thorough investigation of how the thickness of the iron films,
used as a catalyst precursor, determines the type (SWNT, DWNT, MWNT) and diameter of the
nanotubes. When heated, the iron film (which is typically 1-2 nm thick) breaks up into an array
of iron particles, each forming a possible catalytic base for growing one of the nanotubes in the
forest. Thicker films tend to break up into larger particles, which catalyze nanotubes with larger
diameters.

16




Distribution Statement A. Approved for public release; distribution is unlimited.

It is anticipated that nanotubes of such length will significantly impact a wide spectrum of
applications. Note that individual carbon nanotubes possess remarkable mechanical properties,
and strong belief exists that it will be possible to effectively convert their superior stiffness and
strength into respective high properties of various type carbon nanotube reinforced composites.
Which type of nanotubes is most useful, will depend on whether the application benefits from
high surface area (like in sensors and super capacitors) or on high density of nanotube packing
(like in mechanical structures, good thermal and electrical conductors). MWNTs provide the
highest density of nanotube walls that can carry currents, transport heat, and support stress (as
long as the inner walls are similar in diameter to the SWNTs). However, for electrochemical
devices, where high gravimetric surface area i1s needed (such as super capacitors, fuel cells and
artificial muscles), SWNTs or DWNTs might be best.

The nanotube yarn drawing process requires certain amount of bonding between the nanotubes in
the forest, which can be achieved by intermittingly bundling the nanotubes together. If either this
bundling or the density of nanotubes in the forest is too low (or too high), the fabrication process
fail. Conventional wisdom says that that unbundled SWNTs provide the best properties.
However, this conclusion largely rests on the data for nanotubes that are just microns in length.
Such short nanotubes cannot provide efficient mechanical stress transfer and electron and
phonon transport — either between the walls in MWNTs or DWNTs, or between bundled
nanotubes. With ever-longer nanotubes becoming available, the highest bulk mechanical
stiffness and strength, and electrical and thermal conductivities will likely come from MWNTs
that are closely packed, well aligned, and minimally curved.

1.2. Spinning Continuous Carbon Nanotube Yarns from Nanotube Forests

A number of sophisticated and, at the same time, very distinct methods aimed at processing long
continuous fibers and yarns from carbon nanotubes have been developed in the past 6 years.
There are several papers containing reviews on this topic and extensive lists of references, see
[14-19]. Particularly, paper [19] provides and extensive review and discussion of several most
promising methods, state-of-the-art summary, and essential literature on this topic. The primary
challenges of making nanotube fibers/yarns with desirable properties are: (i) achieving the
maximum possible alignment of the building blocks (nanotubes or their bundles) within
continuous fiber/yarn and (ii) increasing internal force, heat, electrical current, etc. transfer
between the building blocks.

An interesting discovery was occasionally made by authors of [20] who found that carbon
nanotubes can be self-assembled into yarns up to 30 cm long, simply by being drawn out of
aligned arrays of carbon nanotubes. That approach has been substantially modified and advanced
by the authors of [21]. They purposefully added twist during nanotube drawing. Figure 1.1
shows an SEM image of varn assembly during the spinning process, in which ~10 nm diameter
Multi-Walled Nanotubes (MWNTSs) were simultaneously drawn from their forest and twisted.
The yarn diameter was set by controlling the width of the forest sidewall that was used to
generate an initial wedge-shaped ribbon, which is shown converging from about the thickness of
the forest to that of the yarn at the apex. About a hundred thousand MWNTs pass through every
micron square area of the produced yarn.
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Figures 1.2a and 1.2b show SEM images of MWNT single yarn and 5-ply yam, respectively.
The 5-ply yarn was produced by over-twisting five individual single yarns and, subsequently,
allowing them to twist relax around itself until a torque balanced state is reached.

Figure 1.1. SEM image of a nanotube yarn captured in the process of being simultaneously
drawn and twisted from a nanotube forest [21].

Figure 1.2. SEM images of a single (a) and 5-ply (b) MWNT yarns [21].

The Mark 3 first-generation spinner developed at UTD has been the sole fabrication tool for
3TEX MWNT yarn delivery during Year 1 of this project. Although Mark 3 spinner has high
production efficiency and its operation is very user-friendly, it does not provide precise control
of twist insertion. By leveraging the knowledge learned from the development of Mark 3 and
using direct spinning approach, UTD and their Australian collaborators have developed a more
sophisticated, continuous spinning apparatus (Mark 4), which introduces twist as it winds the
twist-spun yarn onto a bobbin and builds a yarn package. Figure 1.3 a picture of Mark 4.
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The advantage of this new system is the precise control of twist level and sophisticated electronic
interfaces which offers real-time adjustment during spinning. Also, Mark 4 provides more
precise control in plying single-ply or multi-ply yarns together to continuously make more
complex multi-ply yarns. In such a case, the nanotube forest is replaced by reels of unplied single
yarns, and the single yarns are passed through an initial yarn guide. The twist level of the multi-
ply yarns is again determined by winding speed which can be continuously adjusted, and by
diameter of the bobbin. This process provides precise control of twist insertion and sophisticated
electronic interfaces which offers real-time adjustment during plying to continuously make
multi-ply yarns.

Figure 1.3. Mark 4 apparatus developed at UTD for spinning continuous single yarn from
nanotube forest and for plying yamns.

UTD produced on Mark 4 device eighteen pieces (each about 25 inch long) of 6-ply yarns which
were used in 3TEX’s 3-D braiding process. The hybrid 3-D nanotube yarn/glass fiber braid, to be
described further in this report, has been produced utilizing that yarn. Recently UTD produced
20 ft of 25-ply CNT yarn which was used by 3TEX’s in the first 3-D weaving trials on the new,
fully automated 3-D weaving machine.

1.3. Further Studies of Nanotube Forest Growth

Catalyst film quality (uniformity and thickness) plays a vital role for growing spinnable carbon
nanotube (CNT) forests. The key problem with the current solid state spinning process developed
at the University of Texas at Dallas (UTD) is that synthesis of CNT forests enabling fast
“continuous” draw often fails. The nanotube drawing process depends totally on the intimate -
connections between nanotube bundles in the forest. The failures during draw are due to the non-
uniform structure (connectivity) of CNT forests, which largely stems from the non-uniformity of
the catalyst layer.

The catalyst deposition is accomplished using e-beam evaporation onto the Si substrates. UTD’s
current catalyst deposition system is a home-made e-beam evaporator, which is not robust

19




Distribution Statement A. Approved for public release; distribution is unlimited.

enough for reliable uniform catalyst deposition. Although some high-quality spinnable forests
have been produced using this e-beam evaporator, the yield of the entire process has been
relatively low. Recently, UTD personnel has encountered problems with the catalyst layer
deposition, and the resulting CNT forests are largely unspinnable. It was found that the reasons
for not being able to obtain reliable uniformity and precise thickness control for the catalyst
deposition are the following (it is illustrated in Fig. 1.4):

1) The inability to rotate the deposition substrate in the e-beam evaporator.

2) Irreproducible location of the thickness monitor, which correspondingly causes
thickness calibration to be unreliable.

3) Irreproducibility in the shutter position.

4) Overheating in the auto E-beam mode, causing wild fluctuations in evaporation rate.

Figurel.4. Current E-beam evaporation system (left) and inside view of the deposition chamber
(right).

UTD’s current e-beam evaporator, with these inherent problems, is highly unsuitable for
development of upscaled processes. In order to solve these problems, it is planned to develop the
catalyst film deposition recipe using the newly accessible CHA Industries e-beam evaporator
(shown in Fig. 1.5). The new evaporator provides the following advantages compared with the
current e-beam evaporator:

1) Built for industrial process application.

2) Rotating substrate insures uniform deposition.

3) Fixed position of the thickness monitor.

4) Reliable and repeatable shutter position.

5) Deposits simultaneously on six substrates (6 diameter).

6) Increases throughput 4.5 x 5 = 23 times for currently employed 3" CVD furnace.
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Figure 1.5. Newly accessible CHA Industries E- Beam Evaporator.

1.4. CNT Yarn Properties and Their Relationship to CNT Properties

Inter-bundle, intra-bundle, and intra-wall mechanical stress transfer all increase with nanotube
length. All of these effects are expected to result in an increase of yarn strength and yarn
modulus with increasing nanotube length. The goal of the present study is to identify the most
important critical link (inter-bundle, intra-bundle, or intra-wall) in stress transfer for our
nanotube yarns that are typically 10 nm in diameter, hundreds of microns long, and contain about

eight co-axial walls in each nanotube.

Figure 1.6. Micrographs illustrating different levels of hierarchal assembly and associated
stress transfer for MWNTs: inter-wall coupling in MWNT (left), inter-tube bundling
(with about a hundred nanotubes per large bundle) and bundle forking before twist
(middle), and inter-bundle coupling by twist for a 2.2 micron diameter yarn (right). The
lateral extent of the middle micrograph is less than a percent of the length of the
individual MWNTs.
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Yarn properties vs. MWNT length is potentially a function of structure on vastly different scales:
from inter-wall coupling in MWNTs, to inter-tube bundling and bundle forking, and to inter-
bundle coupling by twist (as illustrated in Fig. 1.6). The results show that the most critical link in
mechanical stress transfer for our MWNT yarn is the stress transfer between walls in a MWNT.
This result contrasts with that for poorly oriented nanotube arrays, like filtration-produced
nanotube sheets, where stress transfer at the intersection between poorly oriented nanotubes has
paramount importance.

The ratio of yamn tensile strength o, to the tensile strength of the component bundles o, is

approximately o, /o, ~cos’ a(l1-kcoseca), where k=(DQ/u)"? /3L, a is the helix angle
that the bundles make with the yarn axis, D is the bundle diameter, u is the friction coefficient
between bundles, L is the bundle length, and Q (the bundle migration length) is the distance
along the yarn over which a bundle shifts from the yarn surface to the deep interior and back
again. When k& is very small, permanent twist degrades mechanical properties, except to the
extent that twist increases yarn density. The main effect of permanent twist is densification of the
initial acrogel yarn.

As expected, we find that nanotube yarn strength increases with increasing MWNT length (as
seen in Fig. 1.7). All tensile strengths are for yarns with the same twist angle and diameter. How
long must our 10 nm diameter, eight-wall MWNTs be, before stress is supported by all nanotube
walls? Our collaborator Rod Ruoff and co-workers showed (Experimental Mechanics (2006))
sword-in-sheath rupture for 1-8 pm long MWNTs and the measured sheath strength (considering
only the outer wall) was 12 GPa - 41 GPa. Results of others (Hong et al., Proc. Natl. Acad. Sci.
USA (2005)) for 1.5-20 nm diameter MWNTs show stress transfer from the outer wall to one
adjacent inner wall when MWNT length is one centimeter (Fig. 1.8). Complete stress transfer to
all walls by going to longer nanotube lengths could increase yarn strength up to 6 times.

500
a -
o
< a00
%
§ oo |- _
’- -

200 o L B 3 ' '} 4 A A

0 100 200 300 400 500

Height of Forest (um)

Figure 1.7. Dependence of MWNT yarn strength on MWNT length.
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Figure 1.8. Sword-in-sheath rupture for MWNTs.

Slippage between bundles is another weak link for achieving yarns with the mechanical
properties of individual MWNTSs. Micrograph in Fig. 1.9 shows slippage in the rupture region of
broken CNT yarn. We can either decrease the CNT yarn migration length O by processing prior

to twist (using false twist and or liquid-based densification) or use yarns having ultra-long
nanotubes for which permanent twist is not needed. The surface-to-volume ratio of nanofiber
bundle determines force needed for slippage (pull-out) and this ratio is ~ 12 times larger for a
single MWNT than for a 100 MWNT bundle.

This increased surface-to-volume ratio for individual MWNTSs or small MWNT bundles, versus
that for large MWNT bundles, explains some fascinating new results. Small MWNT bundles or
unbundled MWNTs could not be pulled from the yarn (Fig.10) without their breaking into a few
micron long segments (versus the starting 300 micron CNT length). Hence, slippage between
individual nanotubes in the yarn does not limit strength. This conclusion, that individual
nanotubes (or small bundles) do not slip, is also confirmed by inspection of the broken nanotube
ends, while slippage of large bundles is evident. The high concentration of broken individual
nanotube ends and small bundle ends indicates that they are not slipping (Fig. 1.11).
Measurements of the failure strengths of individual nanotube segments and small bundle
segments provide a tensile strength of from 2.9 to 13.8 GPa.
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Figure 1.10. Show extraction of a small nanotube bundle from a 10 micron diameter twist-spun
yarn using a AFM tip (left). Tensile strength measurement by stretching a small diameter
MWNT bundle between two AFM cantilever tips (right).
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Figure 1.11. SEM micrographs at progressively higher magnification showing the broken end of
a MWNT yarn. Slippage occurs for large bundles (~ 130 nm in diameter, containing about a
hundred MWNTs). Very small bundles or individual CNTs break rather than slip (as evidenced
by the high density of CNT ends seen in the highest magnification above micrograph).

1.5. CNT Yarn Fabrication and Evaluation

A final shipment of 25-ply carbon nanotube yarns was provided to 3TEX from UTD. The total
length of the shipment was measured to be five meters. Each 25-ply yamn was produced from
singles which were then plied with four others to make 5-ply yamns. Five of these yarns were then
plied together to create the final product. To monitor the progress of yarn development at UTD
the yarns were compared to 25-ply yarns that were received in the previous year. Tensile testing
of the 25-ply yarn was conducted by 3TEX on an Instron tensile tester with a SN load cell. These
tests showed almost identical breaking load and elongation at failure as compared to a sample
saved from the previous year. The yarns were also viewed in a SEM to compare the physical
morphology of the yarns.

Figs. 1.12-1.14 show images of the newest 25-ply CNT yarns. These images reveal that the level
of twist in the yarns and plies was comparable to the previous plied CNT yarn samples.
Interestingly, the uniformity of the single yarns within the plies is still low.

Fig. 1.12 shows the large range of yarn diameters present.
Fig. 1.14 shows a side by side view of the new yarn on the left and the previously studied yarn

on the right. Their evident almost identical morphology explains the closeness in the measured
mechanical characteristics of the “ new” and “old” CNT yarn samples.
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Figure 1.12. SEM image of the “new” 25-ply CNT showing non-uniformity of single
CNT yarns.

Figure 1.13. Close up SEM image of a single CNT yarn showing the twist orientation of
the CNT bundles.
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Figure 1.14. Side by side SEM images of the “new” 25-ply yarn (left) and “old” 25-ply
yarn (right).




Distribution Statement A. Approved for public release; distribution is unlimited.

SECTION 2

2.1. Synthesis and Characterization of Multi-Wall Carbon Nanotube Forests

2.1. Introduction

The synthesis of carbon nanotube forests is the key for solid-state fabrication of carbon nanotube
yarns. Processability and the properties of resulting yarns strongly depend on nanotube length
and morphologies of nanotubes in the forests. One of the important project goals is to synthesize
drawable carbon nanotube (CNT) forests having longer nanotube length, smaller diameter, and
fewer number of walls in MWNTs.

UTD personnel has successfully fabricated drawable forest using single layer Fe film as catalyst
and acetylene gas as carbon source. However, the maximum height of the forests using this
approach is only about 500 micron. Recently, several groups reported growth of millimeter high
vertically-aligned CNTs using Fe/Al;O; film in C;Hy, see [24-27]. Table 2.1 summarizes their
synthesis conditions and the best results. Currently, the UTD group efforts are focused on
synthesis of CNT forests over a millimeter high by leveraging the information listed in Table 2.1,
and the simultaneous maintenance of small nanotube diameters.

Table 2.1. Summary of conditions determined for synthesizing millimeter high CNT forests from
the recent literature.

Substrate Si | Catalyst [Tube fumace Gas (scem) Water |[Temp] Best height |Height (mm Tubes | Dia.

Reference{ Si02/Al03 (nm)] Fe (nm)| Dia. (inch) |He or Ar, H2 |C2H4 ppm ‘C (mm) in 15 min | (nm)
1and 2 600/10 1 1 600 | 400 | 100 100] 750} 2.5in 10 min 098  |SWNT or DWNT ‘ 2~3
3 | om0 | 1 | 1 | s | 80 | 151 250 750f 7ini12hr| 06 [DWNT #_12._

4 500/15 2 1.5 350 | 200 | 150 775] 750 0.4 in5min DWNT or TWNT | 10
s | o | 12 | 1 | 200 s00]100] of 750l smirel 09 wwnt | e |
6 1000 | 1 ) 1 94 | 6 Y7100 | O] 750 3in15hr] 08 |MWNT 1) 10

7 50077 2 2 ( 0 | 200 | 200 |200sccm Ar] 750 2 MWNT 1 1%

UTD conducted a systematic study of CNT forest growth using a Fe/Al,O; catalyst deposited by
e-beam evaporation, and demonstrated uniform, and conformal, growth of over millimeter high
CNT forests by atmospheric-pressure thermal chemical vapor deposition (CVD). The height of
CNT forest grown was increased from 0.5 mm to ~1.7 mm using the newly developed CVD
process.

2.2. Materials

The substrates are plain (100) silicon wafers (p-type, 725 pm thickness, Silicon Quest
International). The buffer layer Al or Al;O3 and catalyst Fe are deposited on Si wafer by e-beam
evaporation using a Temescal BJD-1800, with a Inficon XTM film deposition controller. A
catalyst film of 11 nm Al,O; and 1.2 nm Fe is deposited by e-beam evaporation in a single
pump-down cycle. The Al,Os is deposited by direct evaporation from a crucible of high-purity
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crystals, rather than by evaporation of Al with a slight background pressure of O,, or by other
methods such as spin-coating of a sol-gel precursor. In the case of Al/Fe, the film of Al is
deposited first, and then oxidized naturally in air before depositing Fe film. After catalyst
deposition, no further cleaning or dedicated oxidation is necessary prior to nanotube growth. The
catalysts used in this report are listed in Table 2.2. The change in thicknesses both for buffer
layer and catalyst was aimed for the investigation of their effects to CNT forest growth. During
CVD process, substrates with all 6 types of catalysts were placed side by side inside the furnace.

Table 2.2. List of Catalysts Used.
Table 2. Catalysts

Buffer layer / Catalyst| Thickness (nm)
Cat 1 Al/Fe 10/3.5
Cat2 Al/Fe 10/2.2
Cat3 Al/Fe >10/2.2
Cat4 Al/Fe >10/1.5
Catb Al/Fe 5.61/'18
Caté Al203 /Fe 11/1.2

2.3. CVD Procedure

CNT forest growth is performed in a conventional three-zone atmospheric pressure quartz tube
furnace, with a 6.8-cm inner diameter and a 50-cm long heating zone. Flows of helium (He,
99.999%), ethylene (C;Hs, 99.95%), and hydrogen (Ha,, 99.999%) are controlled using mass flow
controller. After loading the substrates in the tube, the chamber is pumped and filled with He to
atmospheric pressure. Next, the furnace temperature is ramped linearly to the set point
temperature with a flow of 700 sccm He. Then the reactant gases are introduced during the
growth period, which is typically 15 min. A constant 700 sccm He flow is maintained for
displacing the growth gases from the quartz tube and for furnace cool-down.

2.4. CNT Forest Characterization

The height of the forest was measured using a 100x optical microscope. Scanning electron
microscopy (SEM) of as-grown samples was also performed using a LEO 1530 VP in high-
vacuum mode at 15 keV. The samples were also characterized by high-resolution transmission
electron microscopy (TEM) using a JEM-2100F at 200 keV with samples pulled directly from
the forest and fixed on a holey carbon grid.

2.5. CNT Forest Growth

From Table 2.1 we can see that most of the researchers use 1 inch diameter quartz tube and
750°C process temperature; and water is not very critical for growing millimeter high forest. The
big differences in growth conditions among the research groups are the total gas flow rate and
gas composition. Therefore, first of all in our experiments, we investigated the effects of gas
composition and then the relationship between the forest height and reaction times. Because
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substrates with all 6 types of catalysts are used in all CVD processes, the effects of catalysts on
CNT growth are also investigated.

To evaluate the effect of gas composition on CNT growth, experiments were conducted using
~Ix1 cm samples at 750°C for 15 min. The total gas flow of 1000 sccm and the C,H, flow rate of
100 sccm are fixed. The ratio of H; in the gas phase is changed by varying the flow rates of H,
and He. Failure of CNT growth occurs from the process without H,. Fig. 2.1 shows the
dependence of CNT height on the partial flow rate of H, using different catalysts. Generally, H
can increasc the activity of the metal catalyst for cracking hydrocarbons. It can also clean the
catalytic surface by etching polycyclic hydrocarbon species, which tend to encapsulate metal
surfaces. Reduction of the catalyst to metallic Fe by H, might improve CNT nucleation, but
prolonged treatment with H, might suppress growth, thereby engendering sintering of metal
particles or altering metal-support interactions. The optimized H; flow rate is related to carbon
source gas and catalysts.
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Figure 2.1. Dependence of CNT height on the ratio of the flow rate of H; to the total flow rate
using different catalysts.

Fig. 2.2 shows the dependence of CNT height on growth time using different catalysts. The
highest CNT forest achieved is about 1.7 mm high, using Cat 4 (see Table 2.2) substrate. In the
experiments, the H; flow rate is maintained at 20% of the total flow rate. Increase of CNT height
was achieved for the samples with longer growth time (close to 1 hr) using Cat 4, Cat 5, and Cat
6. Without water and at low H; flow rate, the catalyst nanoparticles are still active after one hour
CVD growth, which is an important milestone and provides a high possibility for growing longer
CNTs. :
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Figure 2.2. Dependence of CNT height on growth time with different catalysts from Table 2.2.
Images of the over millimeter long aligned CNTs are shown in Fig. 2.3. The largest substrate

used is less than 3cm x 3cm, however, there are no major obstacles to growing uniform and high
CNT forest over lager substrates.

Top view

Side view

Figure 2.3. Images of the over millimeter long aligned CNT forests.

TEM image of the 700 um long CNTs grown on Cat 1 are shown in Fig. 2.4. Nanotubes with 2
to 5 walls have been observed. It is clear that tubes made by our new ethylene process have
fewer walls than the tubes made by the acetylene process. SEM images in Fig. 2.5 show that the
tubes in the high forest are aligned well and form small bundles. Up to now, centimeter long
CNT yarn was drawn from some of the high forests, however, continuous drawing have not been
achieved yet.
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Figure 2.5. A low-magnification SEM image of the 700 pm high CNT forest grown on Cat 6 for
15 min. Small CNT bundles are being teased out from the sidewall of the forest (Left). A high-
magnification SEM image of nanotubes in forest (Right).

2.6. Preliminary Conclusions: Effects of Catalyst and Other Growth Conditions

The process using Fe-coated bare Si substrates produces only sparse tangled, non-aligned CNTs.
Aligned CNTs were only obtained using Fe/Al and Fe/Al,O; substrates. However, as shown in
Figs. 2.1 and 2.2, different thicknesses of Fe/Al and Fe/Al,O; catalysts give very different
growth rates and lifetime of catalyst under the same CVD conditions. It is clear that synergy
between the metal catalyst and the supporting material is critical for efficient and high-yield
CVD growth process.

Although we have successfully grown CNT forests that are nearly millimeters high using our
new process, the growth conditions are yet to be optimized. Balancing the relative levels of
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ethylene, H,, temperature, combination of substrate as well as catalysts, is crucial for achieving
super-long aligned CNTs. The work performed in this direction and obtained results are
described next.

2.7. Further Studies of Nanotube Forest Growth

Further efforts have been made to investigate the growth conditions for synthesis of CNT forests.
The conditions investigated included total gas flow, ratio of He or C;H, in gas phase, reaction
temperature, temperature ramp-up time, and catalysts. Another focus is on growing uniform
forest on larger substrates, which is very important for increasing production capacity of CNT
yarns. The gases used were He as carrier gas, CoH, as carbon source gas, and H; as “helper”. The
substrate is silicon and the reactor is a 3” quartz tube. The forest synthesis time was 15 min. The
catalysts used in this report are listed in Table 2.3 for reference.

Table 2.3. Catalysts used in this stage of nanotube forest growth study.

Buffer Layer / Catalyst | Thickness (nm)
Catl | Al/Fe 10/3.5
Cat2 | Al/Fe 10/2.2
Cat3 | Al/Fe >10/2.2
Cat4 | Al/Fe >10/1.5
CatS | Al/Fe 55/1.5
Cat6 | ALLO;/Fe 11/1.2

2.8. The Effect of Gas Ratio

The total gas flow rate is a crucial factor in CNT forest synthesis because it affects the gas
residue time inside the reactor, the ratio of reactant gases, and the temperature distribution in the
reactor. To investigate the effects of gas flow rate, the temperature was maintained at 760°C, the
total flow rate was varied between 900 and 1200 sccm, while the flow rate of carrier gas He was
varied from 300 to 1020 sccm. Fig. 2.6 (left) shows the height of the forest versus the ratio of He
flow rate. The optimal carrier gas percentage in the gas phase for forest growth is about 70 %.

Besides the total flow rate, the percentage of carbon source gas also has significant impact on
CNT growth. In the conducted experiments, the total flow rate was maintained at 1000 or 1020
sccm and the flow rate of C;Hy was varied from 68 sccm to 110 scem. The dependence of forest
height on the ratio of C;Hj is shown in Fig. 2.6 (right). A carbon source gas in the gas phase of
10 % or less (depending upon the catalyst) seems to be best for forest height optimization.
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Figure 2.6. The relationship between the forest height and the ratio of carrier gas and carbon
source gas in gas phase.

2.9. The Effect of Temperature

Reaction temperature influences the growth of CNT forest because the reactivity of the catalysts
and the gas decomposition rate are strongly related to the temperature. In this report period, we
only explored a narrow range from 740 to 780°C. As shown in Fig. 2.7, forest height increases as
reaction temperature increases for every kind of catalyst investigated.

800 aCat 1
aCat2
mCat3 ° o
—~600 | Scme ® s =
E xCat7 X
< ?
= ™ (o]
2 400 | -
®
= o
= s ° iR .
O 200 l
]
O A : 1
720 740 760 780 800

Temperature ()

Figure 2.7. The forest height dependence on temperature.

2.10. The Effect of Temperature Ramp-up Time

Due to there are no post treatments to the substrate after catalyst films are prepared, the catalyst
particles are formed during temperature ramp-up and before CNT growth. The purpose of this
particular experiment is to investigate whether the formation of catalyst particles and its
reactivity depends on ramp-up time. The ramp-up time was varied from 17 to 33 min. 17 min is
the maximum ramp-up capability of the furnace plus temperature overshot time. As shown in
Figure 2.8, the ramp-up time does not have significant impact on the growth of CNT forest. This
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is important conclusion, which allows us to use the shortest ramp-up time; it saves both time and
energy.
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Figure 2.8. The height of forest vs. temperature ramp-up time.

2.11. The Effect of Catalyst

Catalyst is another important parameter for CNT forest growth. The effects of the catalysts
revealed earlier can be seen in Figures 2.1 and 2.2. In some cases, catalyst could be a critical
factor. Fig. 2.9 shows a photo image of the Si substrates with different catalysts after a CVD
growth process, in which two of the substrates had almost no CNT growth in this CVD run.
However, the same two substrates achieved very good CNT growth in other CVD growth
conditions. For different catalysts, it is clear that other synthesis conditions (gases, temperature,
etc.) must be collectively adjusted for achieving best results.
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Figure 2.9. A photo image of the substrates with different catalysts in the reactor after a CVD
run. There are eight substrates with eight different combinations of catalysts. Only three of them
(black) had very good nanotube forest growth in this run.
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2.12. The Effect of Substrate Size

Several experiments were carried out on substrates with size of 6 cm x 8 cm. The CVD process
was kept under identical conditions. We got uniform growth on the whole substrate. We also got
partial growth sometimes. The reliability and repeatability of the process is still a challenge,
which contributes to the relatively large data distributions in Figs. 2.1, 2.2 and 2.6-2.8 presented
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